ABSTRACT: Mineralization of bone and teeth involves interactions between biomolecules and hydroxyapatite. Associated complex interfaces and processes remain difficult to analyze at the 1 to 100 nm scale using current laboratory techniques, and prior apatite models for atomistic simulations have been limited in the representation of chemical bonding, surface chemistry, and interfacial interactions. In this contribution, an accurate force field along with pH-resolved surface models for hydroxyapatite is introduced to represent chemical bonding, structural, surface, interfacial, and mechanical properties in quantitative agreement with experiment. The accuracy is orders of magnitude higher in comparison to earlier models and facilitates quantitative monitoring of inorganic-biological assembly. The force field is integrated into the AMBER, CHARMM, CFF, CVFF, DREIDING, GROMACS, INTERFACE, OPLS-AA, and PCFF force fields to enable realistic simulations of apatite-biological systems of any composition and ionic strength. Specific properties that are reproduced well in comparison to experiment include lattice constants (<0.5% deviation), IR spectrum, cleavage energies, immersion energies in water (<5% deviation), and elastic constants (<10% deviation). Interactions between mineral, water, and organic compounds are represented by standard combination rules without additional adjustable parameters and shown to achieve quantitative precision. Surface models for common (001), (010), (020), and (101) facets and nanocrystals are introduced as a function of pH on the basis of extensive experimental data. New insights into surface and immersion energies, the structure of aqueous interfaces, density profiles, and superficial dissolution are described. Most notably, hydroxyapatite-water interfaces exhibit facet-specific and pH-specific density profiles. Water stabilizes (010) facets better than (001) facets in a pH range from 10 to 5, consistent with preferred nanocrystal shape and growth in the (001) direction observed in experiment. Towards lower pH values, increasing penetration of water into sub-surface layers is observed, water density profiles flatten, and superficial dissolution occurs. The force field and surface models can be applied to elucidate mechanisms of mineralization as well as specific binding and assembly of peptides, polymer, and drugs. Extensions to substituted and defective apatites as well as to other calcium phosphate phases are feasible.
INTRODUCTION
Hydroxyapatite (HAP), Ca 10 (PO 4 ) 6 (OH) 2 , is the major mineral phase in human bone and teeth embedded in a matrix of collagen and other biomolecules. 1−14 Substitutions such as partial replacement of calcium ions by magnesium ions, hydroxide ions by fluoride ions, or phosphate groups by carbonate groups are common and lead to variable compositions. Apatites and related calcium minerals are of great importance for human health due to the presence in bone and teeth, as well as their role in maladies such as osteoporosis, caries and coronary calcification that affect the quality of life of billions of people. 1,2,7,11,13,15−33 Better understanding and engineering of the complex surface chemistry and assembly of apatite nanostructures embedded in biological environments from the atomic to microstructural scale could therefore facilitate major discoveries. Current experimental methods, laboratory tests, and clinical studies cannot easily visualize or thermodynamically analyze related processes at the 1 to 100 nm scale and could greatly benefit from complementary molecular simulations. 34 Biomineralization usually involves biopolymers and small molecules which control the spatial orientation and pattern of crystal growth in a cell, the composition and type of mineral phases, as well as the development of facets, shape, and crystallite size. 1−3 Specific interactions between apatite surfaces and proteins are known to involve electrostatics (ion pairing), 35−39 hydrogen bonds, hydrophobic interactions, and conformation effects. 37, 39 The fundamental mechanisms of recognition are similar to those known for biomolecule adsorption on other oxidic surfaces with comparable density of ionic groups per unit area such as silica and cement minerals. 40−44 The elucidation of the relative importance of interactions and mineralization mechanisms has yet remained an enigma since quantitative data from experimental measurements are limited, adequate simulation tools were not available, and the phase space of possible environments and structures has virtually no limits even at the nanometer scale. Specific recognition and crystallization properties of apatites are likely associated with the distinctive surface structure and surface chemistry of apatites as a function of crystallographic facets, facet size, 45 defects, as well as changes in pH and other solution conditions. 40 Details of the structure and composition of hydroxyapatite surfaces have been obtained in experiment by solubility measurements, acid-base titrations, adsorption isotherms, IR, NMR, AFM, SEM, TEM, XPS, as well as Auger electron spectroscopy studies, and these observations indicate notable differences to the structure of the bulk mineral. 46−62 At the same time, uncertainties remain in experiment related to the use of polycrystalline samples versus single crystals, welldefined even surfaces versus imperfect hydrated surfaces, the type of displayed facets, defects, and specific details on biomolecular adsorption. For example, some reports indicate that peptides with a high proportion of glutamic and aspartic acids favor adsorption; yet other reports highlight the attraction of peptides with few or no acidic amino acid groups to apatitebased materials. 19,30,32,37,63−65 Studies using phage display found that the peptide sequences SVSVGMKPSPRP and SVSVGGK have a high affinity to HAP surfaces. 31, 66 Recent simulations have shown that the attraction of the amino acid motif SVSV to the hydroxyapatite prismatic plane is strongly pH dependent with significant adsorption at pH values found in bone (pH ∼5) while a different set of ionic residues preferentially adsorbs at higher pH values (pH ∼10), beginning to clarify experimental results. 40, 67 Reliable force fields and surface models for apatites will eventually reveal contributions of different binding mechanisms of biomolecules to HAP surfaces and nanostructures, as seen for other nanostructures, 40,42,43,45,68−73 thereby advancing the understanding of crystal growth and dissolution. As an ultimate goal, molecular-level signatures of diseases such as osteoporosis, caries, and artery calcification might be better understood to support preventive care and medical treatments. This contribution is a first step in this direction, introducing an accurate force field and a suite of chemically realistic surface models for hydroxyapatite. The proposed model takes into account the chemistry and stoichiometry of hydroxyapatite, offers an interpretation of all force field parameters, and reproduces bulk and surfaces properties quantitatively (including structures and energies). Facet-specific as well as pHspecific interactions with water will be explained, and follow-on contributions will explain selective interactions with peptides and drug molecules. 67 The hydroxyapatite model is integrated into the INTERFACE force field, fully compatible with a range of other energy expressions (CHARMM, AMBER, OPLS-AA, DREIDING, GROMACS, CVFF, and PCFF), and easily extensible for alternate stoichiometry using parameters for other ions and compounds. 74 The outline is as follows. In section 2, limitations of prior models and new capabilities are described. Results and discussions follow in sections 3 to 7. The force field parameters are introduced in section 3. The surface models of hydroxyapatite including different facets and pH conditions are described in section 4. Evaluation of bulk properties is described in section 5, surface properties upon cleavage in section 6, and properties of aqueous hydroxyapatite interfaces in section 7. Section 7 also includes an example of facet and pH-dependent peptide adsorption. Conclusions are presented in section 8 . Complete details of methods including simulation protocols, detailed descriptions of the force field derivation, and validation are given in the Supporting Information. This work may also serve as a resource for a broad range of experimental data for apatites, which have been used to validate the models in sections 3−7.
PRIOR STATE-OF-THE-ART AND NEW
DEVELOPMENTS Simulation methods at length scales from 0.1 to 1000 nm include ab initio molecular dynamics, hybrid methods such as QM/MM, classical atomistic molecular dynamics (MD), as well as coarse grain and continuum methods. 74 Classical all-atom molecular dynamics methods use chemically realistic models and reach length scales of 1 to 100 nm and simulation times up to microseconds. Differences in biomolecular binding can be analyzed as a function of crystallite size, facets, pH, concentration, temperature, and other solution conditions. 40,42,43,45,67−73,75−77 Chemically consistent force fields for inorganic materials such as CHARMM-INTERFACE reproduce inorganic-aqueous and inorganic−organic interfacial properties with only 0% to 10% uncertainty relative to experiment. 74 For example, mechanisms of molecular recognition on silicates, aluminates, and metals have been identified using computation that are consistent with facet-specific trends, binding constants, and correlations with nanocrystal shape and yield observed in experiment. 45, 69, 78, 79 Force field parameters and surface models for hydroxyapatite in similar accuracy have not yet been available. 40, 67 Earlier force fields coarsely represent chemical bonding and provide no validation of surface properties; 80−86 in particular, realistic chemistry and pH in surface models have not been included. Associated problems include unjustified atomic charges, lack of validation of Lennard-Jones parameters, neglect of pH conditions, and incompatibility of the chosen energy expressions with common force fields for biomacromolecules and organic compounds. Arbitrary assignments of nonbond parameters have caused errors in excess of 100% in surface and interfacial properties. For example, the assumption of nonhydrated apatite surfaces at pH 15 in prior DFT and MD studies 80−88 corresponds to conditions of immediate cell death, invalidating prior conclusions of specific binding of proteins and organic ligands (see details in section S1 in the Supporting Information).
These limitations are resolved by the present force field and surface models. (1) Atomic charges represent chemical bonding in balance with available experimental data on electron deformation densities, similar compounds across the periodic table, chemical reactivity, theoretical foundations in the Extended Born model, and quantum chemistry. 74, 89 ( 2) The chosen Lennard-Jones parameters are accompanied by a physical explanation in the context of similar compounds and validated against densities, surface energies, and hydration energies. (3) The surface models take into account common (001), (010), (020), and (101) facets of hydroxyapatite nanocrystals across a range of pH values (Figures 1 and 2 ).
(4) The parameters are integrated into the INTERFACE force field and compatible with the force fields CHARMM, AMBER, GROMACS, PCFF, CVFF, and OPLS-AA, including standard water models such as SPC and TIP3P. Additional adjustable parameters to simulate the inorganic−organic interfaces are not needed. (5) Validation includes the density, IR spectrum, mechanical properties, surface properties, and interfacial properties with water including the range of pH values in which apatite is stable (3 to 15). Computed properties from molecular dynamics simulations are shown to be in excellent agreement with experimental data, surpassing prior models up to 2 orders of magnitude in accuracy.
Therefore, the new force field and models will enable the quantitative analysis of an unlimited number of apatite surfaces and nanocrystals in combination with water, proteins, DNA, and organic molecules under realistic solution conditions in future work (see preview in refs 40 and 67). In the following sections, we introduce the parameters, the surface models, and explain facet-specific cleavage energies, hydration energies, as well as the structure of the HAP-water interfaces as a function of pH.
FORCE FIELD PARAMETERS
The force field parameters are described in this section. Full details of the derivation and the rationale for each parameters can be found in section S2 in the Supporting Information.
3.1. Choice of the Energy Expression. The hydroxyapatite parameters extend the INTERFACE force field 74 following a series of developments for clay minerals, silica, cement minerals, aluminates, metals, and calcium sulfates. 43, 68, 72, 90, 91 The HAP parameters are compatible with the force fields PCFF, COMPASS, GROMACS, CVFF, DREIDING, CHARMM, AMBER, and OPLS-AA that cover solvents, organic molecules, and biopolymers. Broad compatibility supports the mission of the INTERFACE force field to unify materials oriented and biomolecular simulations into one single and accurate platform. The functional form of PCFF and COMPASS force fields consists of a quadratic potential for bond stretching and angle bending, a Coulomb potential, and a 9-6 Lennard-Jones potential, including Waldman-Hagler combination rules between different atom types i and j (eq 1): (1) Figure 1 . 
The individual 12-6 force fields differ somewhat in combination rules for LJ parameters and in scaling factors for nonbond interactions between 1,4 bonded atoms. However, the differences are small enough to work with the same set of hydroxyapatite parameters (see further details of the energy expressions in section S2.1 in the Supporting Information).
3.2. Rationale for Parameter Derivation. The development of force field parameters follows the INTERFACE approach ( Figure 3) . 74 Key steps are (1) the definition of atom types, (2) the analysis of atomic charges, (3) the assignment of bonded terms and Lennard-Jones parameters, (4) successive validation and iteration of structural and energetic properties. Hydroxyapatite contains six distinct atom types, namely Ca 2+ ions, P, O, and H atoms in phosphate and hydrogen phosphate, as well as O and H atoms in hydroxide ions. The analysis of chemical bonding by atomic charges shows that only Ca is predominantly ionic, all other atoms are predominantly covalent. Therefore, bonded terms are included for all nearest neighbor atoms except Ca, and nonbonded terms are included between all pairs of atoms (under observation of exclusions for 1,2 and 1,3 bonded atoms and scaling rules for 1,4 bonded atoms).
3.3. Atomic Charges. Atomic charges were assigned according to Heinz (Table 1) . 89 Heinz charges intend to measure chemical bonding and electronic structure in a simple manner and achieve high accuracy when used in numerical computation (see details in section S2.3 in the Supporting Information). The atomic charge of calcium in hydroxyapatite was chosen as +1.5 ± 0.1e consistent with the minerals tricalcium silicate, 43 tricalcium aluminate, 72 tobermorites, and gypsum that are chemically similar. 74 The atomic charge of the phosphorus atom in HAP was derived as +1.0 ± 0.1e from the X-ray deformation density of aluminum phosphate. 92 The net atomic charge of the hydroxide ion in the mineral was set as −0.9 ± 0.1e, i.e., slightly below −1.0e, due to residual covalent bonding known in Ca(OH) 2 . 43, 72, 89, 93 The atomic charges within the hydroxide ion are +0.2e for the hydrogen atom and −1.1e for the oxygen atom. To satisfy charge neutrality of hydroxyapatite, Ca 10 (PO 4 ) 6 (OH) 2 , the atomic charge of the oxygen atom in the phosphate is −0.8e. This value is consistent with atomic charges for oxygen atoms in clay minerals and other oxides in a range of −0.5e to −0.9e, as well as with a known minimum of the electron affinity of oxygen near −0.6e to −0.7e. 74, 89 Upon protonation to hydrogen phosphates at lower pH, the difference between incoming proton charge and leaving calcium charge distributes over the oxygen atoms and decreases the oxygen partial charge in a range from −0.8e to −0.6e (see section 4 for details).
3.4. Bonded Parameters. Bonded parameters of HAP include equilibrium bond lengths r 0,ij , angles θ 0,ijk , harmonic bond stretching coefficients K r,ij , and harmonic angle bending coefficients K θ,ijk (eqs 1 and 2). The parameters were derived from experimental X-ray data and vibration spectra, including small adjustments to reproduce experimental bond lengths with <1% deviation in NPT molecular dynamics simulation at 298 K (Table 2 ). r 0,ij amounts to 1.57 Å for P−O bonds, to 0.94 Å for O−H bonds in protonated phosphate and in hydroxide ions. The equilibrium angle θ 0,ijk of O−P−O bending is 109.47°c onsistent with XRD studies and sp 3 hybridization (Table  2) . 94−96 The angle for H−O−P bonds in protonated phosphate ions was assigned as 115°in analogy to parameters for clay minerals. 90 Average computed bond angles in NPT molecular dynamics simulation deviate less than 1% from XRD data under standard conditions.
The harmonic force constants for bond stretching K r,ij and angle bending K θ,ijk were tuned to reproduce the experimental IR spectrum and agree within ±50 cm originates from the bond stretching coefficient of O−H bonds in hydroxide ions and in hydrogen phosphate (K r,ij = 500 kcal/ (mol Å 2 )). The P−O stretching band at 1100 cm −1 is represented by the P−O stretching constant K r,ij = 430 kcal/ 
a The bonded parameters are identical for all energy expressions (eqs 1 and 2). (mol Å 2 ). The angular O−P−O vibrations of isolated phosphate groups in hydroxyapatite at 600 cm −1 are described with K θ,ijk = 125 kcal/(mol rad 2 ) ( Figure 4 ). Further details can be found in section S2.4 in the Supporting Information.
3.5. Lennard-Jones Parameters. Lennard-Jones parameters are essential to reproduce the density and surface properties (Table 1) . 68, 74, 90 The nonbond diameter σ 0 represents the van der Waals size of each atom type and is approximately known for all elements and ions across the periodic table. 62, 101 The actual values of σ 0 in the force field commonly fall within a ± 10% range of the tabulated van der Waals sizes depending on the chemical environment; larger values σ 0 often serve to compensate attractive electrostatic interactions in significantly ionic systems. The primary function of σ 0 is the reproduction of the experimentally observed density. The parameter ε 0 correlates in first order approximation with the polarizability of each atom type. In highly charged systems, significantly increased values ε 0 also help counteract strong electrostatic attraction. The validation of ε 0 ultimately requires the reproduction of a cleavage energy, hydration energy, or other surface property at 298 K, which typically leads to reliable predictions of several associated properties as well (e.g., thermal, mechanical). 43, 74, 90 Such validation plays a critical role since it calibrates the classical Hamiltonian to reproduce correct energies in addition to the reproduction of correct structures.
LJ parameters for the atom types in hydroxyapatite, as also the other parameters, are similar to those in silicates and gypsum as a consequence of similar chemical bonding and coordination environments (Table 1) . 43, 68, 74 The van der Waals diameter σ 0 of calcium is 3.55 Å in the 9-6 LJ potential and 3.30 Å in the 12-6 potential, slightly larger than for a fully ionized Ca 2+ ion due to some covalent character in the minerals. 62, 101 Phosphorus is represented by a σ 0 value of 4.50 Å in the 9-6 LJ potential and 4.30 Å in the 12-6 LJ potential, similar to silicon in silicates. σ 0 values of oxygen atoms in phosphate are 3.50 and 3.40 Å in the 9-6 and 12-6 LJ potential, respectively, similar to oxygen in silicates. σ 0 values of oxygen atoms in hydroxide are somewhat larger at 3.80 and 3.70 Å, respectively, due to a higher negative charge and required repulsion ( Table 1) . The nonbonded well depth ε 0 of calcium was set to 0.24 kcal/mol in PCFF and equivalently to 0.13 kcal/mol in CHARMM (Table 1 ). This comparatively large nonbonded well depth, especially in the 9−6 Lennard-Jones potential, strengthens the repulsive part of the potential to counterbalance strong Coulomb attraction. The value ε 0 for phosphorus is 0.25 and 0.28 kcal/mol, respectively. Nonbond well depths were chosen as 0.055 and 0.07 kcal/mol for oxygen atoms in phosphates, respectively, and a somewhat higher value ε 0 of 0.08 kcal/mol was assigned to hydroxide related to the higher charge (Table 1 ). (101) surfaces. The left column shows the surfaces before hydration (pH >14), the middle column shows the surfaces with monohydrogen phosphate termination (pH ∼10), and the right column visualizes the surfaces with dihydrogen phosphate termination (pH ∼5). For all facets, increasing surface hydration and protonation increase surface reconstruction, surface disorder, and decrease the cleavage energy. This trend correlates with decreased charge density per unit area as the pH value decreases from 14 to 5. The cleavage energies also show notable facet-specific detail. Protonation was limited to the topmost molecular layer in the models. The stated cleavage energies are average values from 9-6 and 12-6 potentials and have an uncertainty of ±10 to ±20 mJ/m 2 (see Table 6 ).
For the transcription of parameters from the 9-6 LJ potential to the 12-6 LJ potential, van der Waals diameters σ 0 were reduced by approximately 5%. The well depth ε 0 in the 12-6 form tends to be larger than in the 9-6 form in case it represents dispersive interactions; the higher value then compensates the stronger repulsion at shorter distance in the 12-6 Lennard-Jones potential. 90 However, the well depth ε 0 in the 12-6 form can be smaller in case it represents repulsion (e.g., for Ca 2+ ); this is then owed to the more repulsive nature of the 12-6 LJ potential compared to the 9-6 LJ potential. The final set of parameters was obtained upon thorough validation of density, cell geometry, as well as cleavage energy in over 500 individual tests (see details in section S2.5 in the Supporting Information).
SURFACE MODELS OF HYDROXYAPATITE AS A FUNCTION OF PH
A critical aspect for modeling of apatite surfaces is the strong pH dependence of the surface chemistry. Realistic models make the difference between quantitative predictions and no predictions at all, similar to silica surfaces. 41, 42, 68 A number of independent experimental studies explain changes in surface composition upon cleavage and hydration and are a great starting point to inform appropriate models.
46−62 The surface chemistry correlates strongly with the distinct pK values of phosphoric acid of 2.15 (pK 1 ), 7.20 (pK 2 ), 12.32 (pK 3 ), as well as the pK value of water of 15.7 (pK W ) at 298 K. 62 The implementation in apatite models is an indispensable requirement for meaningful simulations of aqueous and biomolecular apatite interfaces. 40 Cleavage, hydration, and protonation of the surfaces lead to realistic atomistic surface models and are described in the following.
4.1. Cleavage. The number of possible (h k l) cleavage planes is in principle unlimited while cleavage preferably occurs in (hkl) directions with weaker nonbonded interactions. Common cleavage planes of hydroxyapatite are known from experiment and include the (001), (010), (020), and (101) surfaces (Figure 2 ). Surface models were created accordingly by equally dividing charged ions between the two newly created surfaces upon cleavage, followed by relaxation in molecular dynamics simulation to minimize local electric fields ( Figure  5) . 43, 72, 102, 103 Surface reconstruction leads to two low energy surfaces that are both charge-neutral (see details in section S3.1 in the Supporting Information). The cleavage energy in vacuum is a measure of cohesion in the mineral at 298 K and suitable to validate the force field against experimental data.
Hydration and Influence of pH.
Freshly cleaved surfaces of hydroxyapatite are hygroscopic and immediately Table 3 . Details of Hydroxyapatite Surface Models a a Atomic charges and stoichiometric changes are indicated as a function of protonation state and facet for a chosen surface area (∼12 nm 2 ), assuming hydration and protonation in the topmost molecular layer.
b The charge on the phosphorus atom was +1.0 e for all pH values. c At the topmost surface layer. The number of hydroxide ions removed and the number of phosphate ions protonated corresponds to the total number of ions available. In case of the (010) facet, the surface is corrugated and only 20 phosphate ions in the upper half of the topmost layer were considered and modified. Together with the somewhat less accessible lower half, 40 phosphate ions could alternatively be chosen to belong to the top layer.
The Journal of Physical Chemistry C Article attract water (or carbon dioxide) in air. Calcium and hydroxide ions form a superficial hydrated layer of calcium hydroxide:
Ca 2+ (sf) and OH − (sf) hereby denotes the ions at the top atomic layer of the surface and Ca 2+ (aq) and OH − (aq) the corresponding hydrated species in contact with water. The hydrated surfaces are only stable in solution at pH values above ∼14 as the pK a value of water is 15.7. 62 Lower pH values cause neutralization of the superficial hydroxide ions and leaching of the hydroxyapatite surface driven by acids (H + A − ) in a buffered solution:
Since pH values above pH 14 are practically uncommon in living organisms, the apatite surface is hardly ever present in chemically pure form. Hydration and protonation reactions cause leaching of calcium hydroxide in the form of other calcium salts. The concentration of OH − ions at the immediate surface of hydroxyapatite is very high (on the order of 1 mol/ L), and due to the ion product of water
−14 M 2 any buffer system with a pH value less than 14 neutralizes superficial hydroxide ions (Figure 1) .
The next process at pH values below 13 is the protonation of superficial phosphate ions to monohydrogen phosphate ions (HPO 4 2− ):
This reaction is related to the pK 3 value of 12.3 of phosphoric acid and causes further leaching of calcium hydroxide in subsurface layers. At a pH value of ∼12.0, the surface layer consists approximately of a 50/50 mixture of phosphate and hydrogen phosphate ions. The net reactions and changes in surface chemistry at high pH are summarized in Figure 1 .
A maximum amount of monohydrogen phosphate ions on the top surface layer near 100% is then expected at pH ∼10.0, close to the average of pK 2 and pK 3 of 9.75. A further decrease in pH value causes the protonation of monohydrogen phosphate to dihydrogen phosphate ions (H 2 PO 4 − ):
The associated pK 2 value of H 3 PO 4 is 7.2 and leads to a 50/ 50 equilibrium mixture of hydrogen phosphate and dihydrogen phosphate ions on the surface at pH ∼7.5. This observation is consistent with the observed ratio of 31:69 at pH ∼7.0 by IR spectroscopy in experiment. 61 Finally, full coverage of the top surface layer with H 2 PO 4 − ions is expected at a pH value of ∼5.0 near the average of pK 1 and pK 2 of 4.7.
Below pH 5, surface termination may involve dihydrogen phosphate as well as phosphoric acid. Decreasing pH values also cause deeper penetration of water and protonation of phosphate ions up to many atomic layers beneath the surface atomic layer so that the chemical composition differs from "hydroxyapatite". The dissolution of hydroxide ions can lead to the precipitation of layered octacalcium phosphate; this process may begin already below pH 8. 59, 60 The ionization state of the surfaces also depends somewhat on the total ionic strength in solution and on the type of present ions. 41,47,104−106 In atomistic models, a distinction with a resolution of about 0.5 pH units appears to be sufficient for most purposes, especially in consideration of previous studies that assumed unrealistic pH values of 14 to examine processes under physiological conditions. 80−88 4.3. Implementation in Models. Model building of the apatite (hkl) surfaces and nanocrystals terminated by such facets for the different pH values involves cleavage, adjustments in the stoichiometry, and in atomic charges (Table 3) . Stoichiometric adjustments are applied to the ions in the surface layer and in the desired number of subsurface layers; here only the surface layer was considered. The procedure is as follows: (1) cleave the (hkl) plane and relax the surface by annealing and energy minimzation, (2) implement changes in stoichiometry according to the desired degree of hydration and protonation (Figure 1 ), (3) adjust atomic charges according to the formation of new bonds and departure of ions from the surface (for example, adjustments from P−O bonds to P−O− H bonds when hydrogen atoms from water bind to phosphate ions and calcium and hydroxide ions depart), (4) arrange cations and anions on the surface such that local electric fields and the overall energy are minimal using annealing and molecular dynamics. In the process, overall charge neutrality of the surfaces must be maintained 89 and associated charge increments/decrements must reasonably describe changes in chemical bonding and in the true electron density distribution.
68,72
The procedure is simple, effective, and easy to customize. Upon further changes in pH, only the charges of the oxygen atoms in phosphate ions require modification while all other bonded and nonbonded force field parameters can be kept the same (Table 3 ). The protocol can be applied to prepare models of any (hkl) apatite surface and apatite nanocrystals. Customization for different degrees of water penetration and substitution of cations and anions, such as Mg
− , and CO 3 2− is also straightforward. 4.4. Comparison with Experimental Data. The proposed models correlate well with laboratory measurements of acid−base equilibria, solubility products, adsorption isotherms, AFM, SEM, TEM, IR and NMR spectroscopy, XPS, and Auger electron spectroscopy (see details in section S3.2 in the Supporting Information).
45−61 The implementation in molecular models could perhaps be the most significant contribution in this work since experimental data have been available for decades and not been used. The surface reactions described in eqs 3 to 6 agree quantitatively with measurements and closely follow the protonation equilibria of water and phosphoric acid. IR spectroscopy has shown that the apatite surface consists of HPO 4 2− and H 2 PO 4 − ions in a ratio of 31:69 at pH 7 in water, 61 in agreement with an expected 50:50 ratio at pH 7.20 that equals the pK 2 value for H 2 PO 4 − ions. Previous studies have also shown that the degree of ionization on crystal surfaces with pH sensitive groups tends to be slightly lower in comparison to the same process in solution due to dense packing and increased ion−ion repulsion per unit area on the crystal surface. 68 Therefore, a 50:50 equilibrium between HPO 4 2− and H 2 PO 4 − ions on the apatite surface may be expected at pH ∼ 7.5 rather than at pH = pK 2 = 7.2.
Solubility measurements and NMR data have shown that the Ca:P ratio of 1.67 in native apatite (Ca 10 (PO 4 ) 6 (OH) 2 )
The Journal of Physical Chemistry C Article decreases on the surfaces to about 1.5 as a consequence of the altered stoichiometry upon hydration (Figure 1) . 47, 50, 54 At lower pH, the Ca:P ratio was reported to decrease below 1.0, which is consistent with the presence of HPO 4 2− and H 2 PO 4 − ions (CaHPO 4 and Ca(H 2 PO 4 ) 2 , respectively). 59, 60 The exact Ca:P balance is dependent on pH as well as crystal facet and accordingly represented in the proposed models (Table 3) . It further depends on how many molecular layers on the surface are considered in the measurement or calculation as the composition approaches bulk hydroxyapatite in the interior.
The depth of the hydrated and protonated layer was estimated to be about 1 nm in experiment 50 and could extend up to several nanometers at lower pH. 59, 60 The proposed surface models currently assume changes only in the first layer of phosphate ions for simplicity (∼0.5 nm). The surface models are contained in the latest release of the INTERFACE force field (v1.5) and attached in the Supporting Information as a separate file including documentation. Extensions to any number of modified subsurface layers can be made as described in section 4.3 (Table 3 and Figure 5 ).
VALIDATION OF STRUCTURAL, VIBRATIONAL,
AND MECHANICAL PROPERTIES 5.1. Structural Properties. Computed bond lengths, angles, and nonbonded interatomic distances in NPT simulations of bulk hydroxyapatite agree quantitatively with XRD measurements at room temperature. 95 Average bond lengths of P−O and O−H bonds are 1.54 ± 0.01 and 0.95 ± 0.01 Å, respectively, and O−P−O bond angles are 109.5°± 0.2°. The deviation from experiment is less than 1%. Nonbonded interatomic distances between calcium ions and oxygen atoms in phosphate and hydroxide ions are between 2.4 and 2.6 Å in the simulation and depart less than 2% from X-ray data. Computed lattice parameters in NPT simulation agree with measurements on average within ±0.5% (Table 4) . Deviations slightly over 1% occur for the cell parameter c using the 12-6 Lennard-Jones potential, related to stronger repulsive interactions. (Further customization of parameters to reduce the deviation appear not necessary.) The excellent reproduction of bonded and nonbonded interatomic distances, angles, and lattice constants is a testimony to chemically meaningful atomic charges, bonded parameters, and van der Waals (LJ) parameters.
5.2. Vibrational Properties. The simulated vibration spectrum represents a superposition of infrared and Raman signals and shows a good match in wavenumbers with experimental data (Figure 4) . The bands agree within 50 cm −1 and include O−H stretching of hydroxide ions and OH groups at 3600 cm −1 , P−O stretching of phosphate at 1100 (strong) and 900 cm −1 (weak), as well as O−P−O bending at ∼600 cm −1 . Relative intensities and lattice modes below 400 cm −1 are difficult to reproduce due to the lack of the full electronic structure in the force field. The experimental spectra also show broad signals for impurities such as water (from 3200 to 3500 cm ) and carbonates (near 1500 cm −1 ) that do not appear in the simulation for pure hydroxyapatite. 99 The correlation between computed and experimental IR frequencies reflects the quality as well as limitations of the force field parameters.
5.3. Mechanical Properties. Computed mechanical properties deviate up to 20% relative to experiment, similar to values reported by earlier DFT calculations 107−109 (Table 5 ). Hydroxyapatite possesses five independent elastic constants due to hexagonal symmetry. Isotropic Young's moduli E iso , bulk moduli K, and isotropic shear moduli G iso of polycrystalline HAP samples were previously measured using ultrasonic interferometry and then converted into elastic constants using data on closely related fluoroapatite single crystals (Table  5) .
110−112 The 12-6 LJ potential yields slightly higher moduli and diagonal elastic constants in comparison to the 9-6 LJ potential. For example, C 11 and C 33 are 10% higher than experimental data using the 12-6 potential and 10% lower using The Journal of Physical Chemistry C Article the 9-6 potential. Somewhat higher stiffness using the 12-6 LJ potential results from the stronger repulsive part of the potential while atomic charges and bonded parameters are assumed to be the same for chemical consistency and simplicity. The anisotropic mechanical properties of HAP are well reproduced by 12-6 and 9-6 force fields as seen from the elastic constants C 11 and C 33 .
The computed values C 44 , C 12 , and C 13 from PBE and GGA density functionals are notably less accurate in comparison to the force field, which performs very well considering the simplicity and a million times lower computational cost compared to DFT. A larger set of previous force field parameters using a Buckingham potential that was specifically parametrized to match elastic constants by de Leeuw et al. shows better match in elastic moduli but higher deviations of C 44 , C 12 , and C 13 compared to the force field reported here as well. 113 Therefore, the INTERFACE force field achieves very good agreement in elastic constants with experiment, in part even better than sophisticated quantum mechanical calculations.
107−109

CLEAVAGE ENERGY OF NEAT AND PROTONATED
HYDROXYAPATITE SURFACES IN VACUUM 6.1. Cleavage Energy of Neat Hydroxyapatite Surfaces. Similar to other minerals such as calcium silicates and clay minerals, surfaces of HAP reconstruct upon cleavage and do not recover the perfect original crystal structure upon agglomeration. 43, 102 Solid−vapor interface tensions are therefore not uniquely defined. A suitable measure for the surface energy of (hkl) planes is therefore the cleavage energy ( Figure  5 and Table 6 ).
103 Molecular dynamics simulation was employed to monitor the cleavage of the common low index planes (001), (010), (020), and (101) of HAP in vacuum ( Figure 5 ). (0n0) planes are thereby equivalent to (n00) planes as a result of the hexagonal crystal symmetry. The computed cleavage energies upon slow, electroneutral cleavage of the neat phosphate-terminated surfaces range from 870 to 1220 mJ/m 2 . The cleavage energy increases in the order (001) < (101) < (010) < (020) and consists of over 90% Coulomb energy and less than 10% van der Waals energy for all planes. 102 In experiment, the freshly cleaved surfaces are challenging to study as they are hygroscopic, and thus sensitive to air and moisture (see section 4). 46−62 Direct measurements of cleavage energies in vacuum were thus not reported to our knowledge. Nevertheless, cleavage energies of minerals of comparable chemical composition were previously measured and computed cleavage energies for hydroxyapatite are in good relative agreement (Table 6) . 43, 74 Cleavage energies of calcium oxide and calcium hydroxide, for example, were measured by Brunauer to be 1300 and 1180 mJ/m 2 (±100 mJ/m 2 ). 93 Facet-averaged cleavage energies for HAP are expected slightly lower since the phosphate ions in Ca 10 (PO 4 ) 6 (OH) 2 are less polar than oxide or hydroxide ions (section 3). 89 The facetaveraged cleavage energy of HAP is dominated by the prismatic (010) and the basal (001) planes ( Figure 2 ) and computed as 1000 ± 50 mJ/m 2 , in agreement with expectations of a cleavage energy slightly lower than that for calcium oxide and calcium hydroxide (Table 6 ). In contrast, computed cleavage energies using prior Buckingham potentials 115 and DFT calculations 27 are clearly overestimated at 1300 and 1700 mJ/m 2 (see further comparisons in section S3.3 in the Supporting Information).
The calculations further show that the cleavage energy of hydroxyapatite notably depends on crystal facet ( Figure 5 and Table 6 ). The (001) surface of HAP is of lowest cleavage energy with ∼870 mJ/m 2 according to simulation. Cleavage of the (001) surface involves redistribution of calcium ions on the nascent surfaces, minor surface reconstruction, and comparatively minor local electric fields arise at the cleavage sites. Cleavage of the (101), (010), and (020) planes comprises the distribution of larger phosphate ions. The (101) surface is then of approximately 10% higher cleavage energy with ∼980 mJ/m 2 according to the simulation, and reorientation of phosphate ions can be seen ( Figure 5 ). The (010) and (020) surfaces exhibit the highest cleavage energy of ∼1080 and ∼1220 mJ/m 2 as phosphate ions with multiple negative charges are separated upon cleavage, accompanied by significant surface reconstruction and generation of noticeable local electric fields. For example, calcium ions on the (020) surface beneath the superficial layer of phosphate ions move to the outer surface upon cleavage to better shield the concentration of negative charge at the cleavage plane ( Figure 5 ).
6.2. Remaining Cleavage Energy of Protonated Hydroxyapatite Surfaces. The surface energy of the protonated hydrogen phosphate and dihydrogen phosphate terminated surfaces at lower pH can be quantified by remaining cleavage energies in vacuum ( Figure 5 and Table 6 ). 46−50 These energies are determined in a two-step process that involves (1) agglomeration of two equilibrated protonated The Journal of Physical Chemistry C Article surfaces followed by (2) renewed cleavage and relaxation of the separated surface in molecular dynamics simulation. Perfect cleavage is then no longer possible and an uncertainty of ±5% is expected due to the overall series of modifications including original cleavage of the neat surfaces, protonation, agglomeration, and renewed separation of the agglomerated surfaces using molecular dynamics simulation to compute the remaining cleavage energies. 43 The partial loss of calcium ions and the presence of less negatively charged protonated phosphate ions on the surfaces pH ∼10 (Figure 1 ) reduce the remaining cleavage energy by 40% to 70% relative to the original cleavage energy of the bulk mineral, and two protonation steps at pH ∼ 5 reduce the remaining cleavage energy by 70% to 80% relative to the original cleavage energy. The remaining cleavage energies also indicate that individual (hkl) cleavage planes respond differently to hydration and protonation. The data furthermore suggest notable differences in the relative stability of (hkl) facets when the pH conditions change ( Figure 5 ).
In detail, the (001) surface shows a major decrease in cleavage energy from ∼870 to ∼250 mJ/m 2 after protonation to monohydrogen phosphate in the top layer. Further protonation to dihydrogen phosphate hardly affected cleavage further, arriving at ∼220 mJ/m 2 . The monohydroxylated (010) surface exhibits only a moderate decrease from ∼1080 to 640 mJ/m 2 after formation of monohydrogen phosphate, related to removal of fewer calcium ions per surface area, a slightly higher negative charge on monohydrogen phosphate (Table 3) and uneven geometry ( Figure 5 ). The second protonation step lowers the surface energy to ∼320 mJ/m 2 . The (020) surface also exhibits stepwise decreases in cleavage energy from ∼1220 to ∼400 mJ/m 2 and to ∼255 mJ/m 2 . The (101) surface showed stepwise decreases to ∼390 and ∼245 mJ/m 2 upon protonation to pH ∼10 and pH ∼ 5, respectively ( Table 6) . As a result, the (001) surface is of distinctly lower energy than the other surfaces at intermediate protonation to monohydrogen phosphate. At the stage of dihydroxylated surfaces, all four chosen surfaces are of similar cleavage energy within ±50 mJ/ m 2 (Table 6 ). Similar compositions on every facet, less calcium ions per surface area and dominance of dihydrogen phosphate increase the structural similarity at pH ∼5 (Figure 3) . Also more degrees of freedom such as translation and rotation of dihydrogen phosphate ions are observed. It is also noted that, especially for the (010) surface, water penetration and Figure 6 . Snapshots of hydroxyapatite−water interfaces at different pH and computed energy of immersion (= energy of hydration without negative sign). Freshly cleaved, PO 4 3− terminated surfaces are reactive and only stable at very high pH (left column). Surfaces terminated by HPO 4 2− ions at pH ∼10 exhibit significant, facet-specific immersion energies (middle column). Dashed black circles highlight penetration of water molecules into the surface of the crystal lattice. Surfaces terminated by H 2 PO 4 − ions at pH ∼ 5 exhibit lower immersion energies (right column). Protonated phosphate ions on the surface are more mobile, assume random orientations, and partially dissolve from the surface, especially from (020) and (101) surfaces, as observed also in experiment (indicated by black arrows). The stated immersion energies are average values from 9-6 and 12-6 potentials and have an uncertainty of ±10 to ±30 mJ/m 2 (see Table 7 ).
The Journal of Physical Chemistry C Article protonation into more than the topmost molecular layer would likely decrease the reported cleavage energies further. Therefore, the given values are a first guide and upper limit. Quantitative experimental data are scarce due to the difficulty to control surface protonation and hydration for a given number of subsurface layers (see details in section S3.4 in the Supporting Information). Slow cleavage of structurally similar fluoroapatite 95 in air lead to estimates of 95 ± 25 mJ/m 2 on (001) surfaces and 480 ± 30 mJ/m 2 on (010) surfaces. 116 The result for the (010) plane is in the same range as computed values for partly protonated surfaces (Table 6 ). Large differences between the computed and measured cleavage energies for the basal (001) plane may be associated with difficulties in humidity control during the measurement. 116, 117 More evidence for the computed facet-averaged cleavage energies of monohydrogen phosphate and dihydrogen phosphate terminated HAP can be derived by comparison to available measurements for C−S−H (Ca 3 Si 2 O 7 ·2H 2 O) and selenite (CaSO 4 ·2H 2 O) of 386 and 352 mJ/m 2 . 118,119 These compounds reflect left (Si) and right (S) neighbors to Ca phosphates (P) in the periodic table, are of similar polarity, and contain some crystal water to reflect initial hydration or protonation, respectively. The surface energies in the range 300 to 400 mJ/m 2 are similar to the surface energy of hydroxyapatite at pH ∼ 7 (between monohydrogen phosphate and dihydrogen phosphate termination). Future studies may also reveal more details of the impact of water penetration and protonation deeper than 0.5 nm on cleavage and cohesive properties.
INTERACTION OF HYDROXYAPATITE SURFACES WITH WATER AND THE STRUCTURE OF SOLID−LIQUID INTERFACES
The enthalpy of immersion and structure of the solid−liquid interfaces was examined for the same Miller planes ( Figure 6 and Table 7 ). Freshly cleaved, chemically unmodified hydroxyapatite surfaces maintain a distinct boundary with the liquid phase ( Figure 6 , left column) which becomes increasingly disordered and diffuse upon protonation ( Figure  6 , center and right columns). The simulations at different pH values show that dissolution processes can be visualized in a simulation. As the pH value decreases, the hydration energy is reduced for all facets similar to the cleavage energy. Reduced hydration energies at lower pH values correlate with leaching of hydroxide ions, reduced area density of calcium ions on the surfaces, and decreased atomic charges on the oxygen atoms of monohydrogen phosphate and dihydrogen phosphate ions in comparison to phosphate ions ( Figure 1 and Table 3 ).
7.1. Immersion Energy. Immersion energies for the different facets provide a quantitative measure for the affinity of hydroxyapatite toward water and enable comparisons to experimental data from calorimetry and adsorption isotherms (Table 7) . 61, 120, 121 Computed values of the energy of immersion range from 520 to 800 mJ/m 2 for the surfaces at pH 10 and from 360 to 620 mJ/m 2 for the same surfaces at pH 5 depending on facet. Values at the high end are seen for (010) facets, related to hydration and protonation of only the topmost phosphate layer on this corrugated surface. The characteristic roughness of the (010) surface can be relieved by reconstruction to a (020) surface upon hydration and partial dissolution. Typical values for protonation of the entire exposed surface are in the range 500 to 670 mJ/m 2 at pH 10 and 350 to 500 mJ/m 2 at pH 5, respectively. The energy of immersion would likely decrease also further when initial hydration and protonation extend beyond the topmost molecular layer, as assumed in this study, to include additional subsurface layers. 7.2. Comparison to Measurements. Available measurements of immersion energies and immersion free energies range from 234 to 700 mJ/m 2 , generally in the same range as the simulation (Table 7) . 61, 120, 121 Experiments were performed on polycrystalline (pellet-pressed) substrates near neutral pH, however. Polycrystalline samples have no defined facet composition and sample preparation differs from one study to another. Several samples were prepared by precipitation from hot solution and resulted in low immersion free energies (234 to 432 mJ/m 2 ). 120 The surfaces in these studies were already hydrated before the measurement, related to the high affinity of Ca 2+ ions to water, and reported immersion energies of HAP are therefore too low. One set of samples was prepared by solid state reaction at 1200°C and resulted in an immersion free energy up to 476 mJ/m 2 . 120 Even in this case, superficial hydration in air prior to measurement was still possible. The immersion energy of perfectly dry HAP crystals was determined to be 600 to 700 mJ/m 2 by calorimetry as a function of increasing temperature before dehydration and introduction of P−O−P bonds occurred. 61, 121 The calorimetric data appear most reliable and compare well with simulation results. To compute a facet-average immersion energy from MD simulation, the immersion energies for various (hkl) facets can be weighted according to their contribution to the overall nanocrystal shape (Figure 2 ). Data by Tanaka 61 also specify the ratio of HPO 4 2− and H 2 PO 4 − on HAP surfaces as 31:69 at a Energy expressions with a 12-6 LJ potential yield immersion energies that on average 2-10% higher than the energy expressions with a 9-6 LJ potential.
b The numerical uncertainty of simulated immersion energies is ±2% for each value, corresponding to ±10 to ±15 mJ/m 2 . The total uncertainty can reach up to ±5% according to the maximum spread between 12 and 6 and 9-6 values.
c The dominant (010) surface is assumed to contribute 70% and the remaining facets 10% each. Alternatively, equal contributions of 25% of each facet are assumed to the total immersion energy.
d Some dihydrogen phosphate ions begin to dissolve during the simulation. The Journal of Physical Chemistry C Article neutral pH near 7. If equal weight of the four facets is assumed, the computed facet-average immersion energy at pH 7 is 629 × 0.31 + 490 × 0.69 = 533 mJ/m 2 ( Table 7) . More realistically, data from crystal growth and computed immersion energies indicate that the (010) facet is dominant (Figure 2) . The computed facet-average immersion energy at neutral pH then amounts to 619 mJ/m 2 , assuming a contribution of the (010) facets of 70% and of each remaining facet of 10%. This shapeaverage immersion energy correlates well with the calorimetry measurements in the range of 600−700 mJ/m 2 . The experimental data for comparison include calorimetrically measured energies of hydration, ΔE hyd (= −ΔE imm ) as well as free energies of hydration obtained from adsorption isotherms, ΔA hyd = ΔE hyd − TΔS hyd , which include changes in entropy upon adsorption of water. As a result of reduced water mobility on the surface, the energy of immersion is 30 to 50 mJ/m 2 higher than the free energy of immersion (note that the energy and free energy of immersion are conventionally stated with a positive sign even though immersion is an exothermic process; see details in section S4.1 in the Supporting Information). Accordingly, the free energy of immersion of 476 mJ/m 2 based on adsorption isotherms (Table 7) corresponds to an energy of immersion of ∼516 mJ/ m 2 . The overall correlation between simulation (∼620 mJ/m 2 ) Figure 7 . Density profiles of phosphate ions, calcium ions, and water at the (001), (010), (020), and (101) hydroxyapatite surfaces at different pH values, assuming hydration of the top molecular layer on the surface. The density profile of phosphate including all protonated phosphate species at the surface, calcium, and water differs from facet to facet. The loss of superficial calcium ions can be seen on all facets upon decreasing pH value. Less reconstruction is observed on phosphate-terminated surfaces at high pH values in comparison to monohydrogen phosphate-terminated surfaces and dihydrogen phosphate-terminated surfaces at low pH values, particularly on the (020) and the (101) planes. The water density profiles indicate layering and short-range order near the surfaces. At low pH, water density fluctuations near the surface are reduced and penetration into subsurface layers occurs.
The Journal of Physical Chemistry C Article and experiment (520 to 700 mJ/m 2 ) for the facet averaged energies of immersion is therefore very good.
7.3. Facet-Specific Trends. A benefit of the computational models is insight into hydration properties as a function of pH and (hkl) crystal facet, which has not (yet) been accessible by experiment. The results show that the (010) surface is the most attractive surface for water in a pH range from 10 to 5, corresponding to an immersion energy of ∼790 to ∼620 mJ/ m 2 , respectively ( Figure 6 ). The high affinity of the prismatic (010) plane to water correlates with its dominance of the surface area of hexagonal, rod-like HAP crystals ( Figure  2) . 122−124 The surface with the least affinity to water is the (001) surface, also across a pH range from 10 to 5, corresponding to an immersion energy of ∼520 to ∼360 mJ/ m 2 , respectively ( Figure 6 ). In agreement, the (001) basal plane is known to cover less surface area and is the fastest-growing plane on hexagonal HAP crystallites. 122−124 These facet-specific differences suggest correlations between the affinity toward water and preferred nanocrystal shape.
Hydration energies of apatite surfaces therefore depend on pH, crystal facet, as well as on the initial depth of water penetration and protonation. Further detailed studies using the atomistic models may elucidate the relative stability of facets and apatite nanocrystals of different shape under various conditions.
Moreover, computed immersion energies using an energy expression with a 12-6 Lennard-Jones potential, e.g. CHARMM, AMBER, tend to be 2% to 10% percent higher than using a 9-6 potential, e.g. PCFF, when all other parameters remain the same (Table 7) . This difference is associated with the energy expression and smaller than the experimental uncertainty. Figure 6 reports averages of the two energies.
The relative stability of facets could also be evaluated by solid−liquid interfacial tensions (γ SL = ΔA Hydr + γ SV + γ LV ). The difficulty for reconstructing and dynamic surfaces is, however, that the surface free energy γ SV ≈ E Cleav , the hydration energy ΔA Hydr ≈ − E Imm , and the interfacial tension γ SL become a function of the initial depth of water penetration and protonation in addition to pH and (hkl) crystal facet. Estimates of γ SL using available data from Figures 5 and 6 and the water surface tension (γ LV = 72 mJ/m 2 ) indicate slightly negative values, suggesting a trend toward dissolution and further hydration of subsurface layers.
7.4. Density Profiles of Phosphate Ions, Calcium Ions, and Water. Density profiles of the hydroxyapatite−water interfaces reveal specific details for each facet at different pH values (Figure 7) . A unique facet-specific spacing of phosphate and calcium ions can be seen. The variation in sequence and distance of these ions at the surface is a major reason for the variation in the adsorption of water (Table 7) , as well as for the variation in the adsorption of biological and organic molecules. The second or third subsurface average atomic positions of phosphorus were chosen as a reference coordinate of 0 Å in Figure 7 . In the present models, hydration and protonation was restricted to the topmost layer of phosphate ions, i.e., about 5 Å depth.
The density profiles visualize the loss of calcium at the surface with decreasing pH for all four facets, leading to a lower Ca:P ratio as observed in NMR measurements. 53−56 This is a result of the progressive hydration and dissolution of calcium hydroxide from pH >14 toward pH ∼5, which leads to dissolution of much of the Ca 2+ content at the aqueous interfaces (Figure 1 ). In the same sequence toward lower pH, decreasing local maxima in phosphate density on all facets indicate a reduced definition of the outer phosphate atomic positions near the solid−liquid interface (Figure 7) . The broadening of superficial phosphate positions is associated with a randomization of its orientation on the surface. At the aqueous interface of (020) and (101) facets at pH values of 10 to 5, even partial dissolution of HPO 4 2− ions and H 2 PO 4 − ions is observed while (001) and (010) facets exhibit more resistance to phosphate dissociation. These observations are consistent with experimental observations of higher solubility of dihydrogen phosphate in water compared to monohydrogen phosphate. 62 We note that the observation of ion dissolution at the surface does not affect the structural stability of the neat mineral a few atomic layers below (stable over 100+ ns duration in the simulation).
The density profiles of superficial water exhibit visible layering at higher pH, related to higher surface charge and cation density of apatite (Figure 7) . Close to the outer layer of calcium ions and phosphate ions on the hydroxyapatite surface, two to four recognizable water layers are seen that converge to the bulk density of water at about 5 to 10 Å distance. The first layer sometimes features two separate peaks, for example, on (001) and (101) surfaces, that are related to the surface corrugation of alternating phosphate and calcium ions by about 1 Å (Figure 6 ). Lower pH values reduce the definition of distinct water layers, except on the strongly corrugated (010) surface. The observations of interfacial layering of water are similar to those reported for other oxide surfaces. 68 Moreover, water penetration up to about 5 Å into the subsurface layers of Ca 2+ and phosphate is observed on all facets at lower pH values (see highlights in Figure 6 and density profiles in Figure 7 ). Lower surface charge and accompanying surface disorder at lower pH smoothen the water density profile and ease the penetration of water into the mineral.
It appears likely that water penetration as well as partial dissolution of hydrogen phosphate ions would extend deeper into the surface once more surface layers participate in the hydration reaction. The level of penetration may be controlled by moisture level, temperature, and exposure time in experiment, and can be represented by the depth of Ca(OH) 2 leaching and phosphate protonation in the models. Details remain to be explored in future studies by appropriately constructed atomistic models and experimental measurements.
7.5. Biomolecule Adsorption. The adsorption of peptides, DNA, and other polymers to various apatite surfaces can be studied in aqueous solution using the proposed force fields (e.g., CHARMM-INTERFACE) and surface models, similar as previously described for silica and other minerals. 42, 43, 90, 125 A proof-of-concept example is shown here for the conformation of a HAP-binding peptide identified by phage display, S(+)VSVGGK(+)(−)·Cl(−), 31, 66 on the (001) basal plane of the mineral as a function of pH (Figure 8 ). Multiple independent start structures were subjected to molecular dynamics simulations at pH 10 and 5. Simulation times of ∼20 ns at 298 K, combined with annealing 42, 45, 71 and REST simulations, 126, 127 achieved good convergence in energies (±1 kcal/mol) and peptide conformations. Advanced techniques for conformation sampling were not strictly required since the peptide molecule is short and binding energies only slightly negative (see details in section S5.8 in the Supporting Information)."
At pH 10, negatively charged carboxylate groups in the peptide interact with calcium ions on the surface, and
The Journal of Physical Chemistry C Article ammonium groups at the N-terminal end are in close contact with hydrogen phosphate ions on the surface (Figure 8a ). Ion pairing and ion exchange are dominant contributions to adsorption. At pH 5, different residues such as serine (S1) and valine (V2) are attracted to the apatite surface, related to the lower area density of cations (Figure 8b ). Binding is then mostly mediated by hydrogen bonds and hydrophobic interactions. 41, 42 A detailed discussion of selective adsorption as a function of biopolymer sequence, facet, and pH will be reported separately (see preview in refs 67 and 40).
CONCLUSIONS
Force field parameters and surface models of hydroxyapatite were introduced and extensively tested for a range of different facets and pH values in aqueous environment. The force field parameters are compatible with numerous harmonic energy expressions, including PCFF, COMPASS, CHARMM, DREID-ING, GROMACS, AMBER, CVFF, and OPLS-AA. The parameters are also part of the INTERFACE force field that includes accurate parameters for other minerals and metals. 74 The new parameters and models facilitate molecular dynamics and Monte Carlo simulations of aqueous, organic, and biomolecular interfaces of apatites under realistic solution conditions including pH and ionic strength, which is a major improvement over earlier models. The force field for hydroxyapatite is developed in the INTERFACE context to add to a uniform force field for all types of compounds across the periodic table that verifies thermodynamic consistency for each compound and uses standard combination rules for nonbond parameters. It reproduces atomic scale as well as bulk properties in excellent agreement with laboratory measurements, including atomic charges, van-der-Waals radii, bonded parameters, lattice parameters, cleavage energies, hydration energies, and elastic constants. Computed lattice parameters deviate less than 0.5% from XRD data on average, the cleavage energy of HAP surfaces agrees with that of chemically similar compounds, computed elastic constants are of the same accuracy as results from quantum mechanical calculations (deviation of ∼10% from measurements), and the computed IR spectrum approximates experimentally measured frequencies of O−P−O bending, P−O stretching, and O−H stretching vibrations well.
A suite of atomistic models for hydrated and protonated hydroxyapatite surfaces is introduced that covers (h k l) facets over a range of pH values using extensive experimental data on acid−base equilibria and surface spectroscopy. Hydration energies are found to be facet-specific and diminish toward lower pH, accompanied by an increase in surface disorder and partial dissolution. These trends correlate with a decrease in the area density of ionic groups on the (h k l) facets. Computed hydration energies are in good agreement with facet-average experimental measurements at pH ∼ 7. The models for apatite surfaces can be adjusted to different degrees of hydration, protonation, and surface penetration. Defects such as carbonate ions, magnesium ions, and fluoride ions can also be incorporated exploiting the coverage of the PCFF-INTER-FACE, CHARMM-INTERFACE, and other energy expressions for such ions. First examples of highly specific binding of peptides also demonstrate the applicability of the force field to biological interfaces.
The force field and the surface model database provide a new computational tool to explore mechanisms of specific recognition and assembly of apatite-biological interfaces on the 1 to 100 nm scale in comparison with laboratory and clinical studies. Applications are envisioned toward understanding the structure of bone and teeth, osteoporosis and bone implants, caries and dental ceramics, protein-driven apatite mineralization and demineralization, drug screening on apatite surfaces, as well as calcification in arteries. Moreover, biomechanics of protein−apatite composites could be studied in high accuracy at length and time scales a million times larger than those accessible by quantum mechanical methods. The Journal of Physical Chemistry C Article
